###### Strengths and limitations of this study

-   Existing studies on the mechanism of coagulation in chronic kidney disease (CKD) are mostly limited to patients with end-stage renal disease requiring haemodialysis. The changes in the coagulation function of non-dialysis patients with moderate to severe CKD have not been completely clarified. In our research article, we investigated the entire coagulation process in non-dialysis patients with CKD.

-   We found that patients with CKD are characterised by endothelial dysfunction and increased coagulation, especially factor VIII activity. Besides, we also performed thromboelastography for dynamic observation of the entire coagulation process in patients with CKD but detected no changes in the coagulation function.

-   Due to the limited sample size and short term of follow-up, we might underestimate the risk of thromboembolic events in patients with CKD, which were not well linked the observations with clinical outcomes.

Introduction {#s1}
============

Patients with chronic kidney disease (CKD) commonly have blood coagulation disorders. The resulting thrombotic complications have become the most common cause of death and one of the difficulties in renal replacement therapy among patients with CKD.[@R1] Existing studies on the mechanism of coagulation in CKD are mostly limited to haemodialysis patients with end-stage renal disease (ESRD).[@R5] The changes in the coagulation function of non-dialysis patients with moderate to severe CKD have not been completely clarified.

The coagulation process involves the participation of the platelets, vascular endothelium, coagulation system, anticoagulant system and fibrinolytic system. Most coagulation test methods reflect changes in a particular blood coagulation step but have difficulty completely verifying the entire coagulation process in patients with CKD. In the present study, several coagulation test methods were used to measure markers of platelet (platelet counts, platelet aggregability), endothelial function (von Willebrand factor antigen (vWF:Ag) and vWF ristocetin cofactor activity (vWF:RCo)), the major blood coagulation pathways (fibrinogen, factor V (FV), FVII and FVIII), and natural coagulation inhibitors (antithrombin III, protein S and protein C). Additionally, standard coagulation tests and thromboelastography (TEG) were adopted for dynamic observation of the entire coagulation process. The purpose of the study was to investigate the entire coagulation process in non-dialysis patients at different CKD stages to elucidate the mechanisms of their high thromboembolic risk and guide antithrombotic treatment.

Methods {#s2}
=======

Study design and subjects {#s2a}
-------------------------

This prospective observational study was performed at the Department of Nephrology, Chinese PLA General Hospital. Between September 2015 and March 2016, consecutive patients 18--70 years of age with stage 3--5 non-dialysis-dependent CKD were included in this study. The exclusion criteria were as follows: (1) patients with secondary renal disease (diabetic nephropathy, lupus nephritis or antineutrophil cytoplasmic autoantibody-associated vasculitis); (2) patients with nephrotic syndrome; (3) patients with signs of acute infection, liver failure, trauma, surgery, cancer or pregnancy; (4) patients on glucocorticoids, immunosuppressive medication and anticoagulant medication within the past 1 month; and (5) patients with a history of previous thromboembolic or haemorrhagic events within 12 months. Finally, 95 patients with CKD met the exclusion criteria and agreed to participate in the study. Additionally, 20 age-matched and gender-matched healthy controls with no history of kidney disease who met the same exclusion criteria were recruited. Informed consent was obtained from all individuals included in this study and the research was approved by the Ethics Committee of the General Hospital of the Chinese People's Liberation Army. A flow chart is shown in [figure 1](#F1){ref-type="fig"}.

![The flow chart of this study. ESRD, end-stage renal disease.](bmjopen-2016-014294f01){#F1}

General data collection {#s2b}
-----------------------

We recorded the subjects' general conditions (age, gender, height, weight, systolic blood pressure, diastolic blood pressure and smoking history), underlying diseases (coronary heart disease (CHD) and diabetes mellitus) and laboratory parameters (haemoglobin, white blood cell count, platelet count, serum albumin, serum creatinine, cholesterol, triglycerides and urine albumin-to-creatinine ratio (UACR)).

We also calculated the body mass index (BMI) and mean arterial pressure (MAP) as follows: BMI=weight (kg)/\[height (m)\]^2^ and MAP=(systolic blood pressure +2·diastolic blood pressure)/3.

The Chronic Kidney Disease Epidemiology Collaboration equation was used to estimate the glomerular filtration rate (eGFR).[@R8] The CKD stage was defined according to the Kidney Disease Outcomes Quality Initiative guidelines.[@R9]

Procoagulant and anticoagulant factors {#s2c}
--------------------------------------

Fasting cubital venous blood specimens were collected in the morning and mixed with 109 mmol/L sodium citrate for anticoagulation (sodium citrate:blood=1:9). The blood samples were centrifuged at 3000 rpm for 10 min within 1 hour of collection to obtain platelet-poor plasma. FV, FVII and FVIII activities as well as the anticoagulant factors protein C and protein S were analysed by clotting assays. vWF:Ag and vWF:RCo were measured by immunoturbidimetric assay. All instruments (ACL TOP700) and reagents were purchased from USA Instrumentation Laboratory Company.

Platelet aggregation tests {#s2d}
--------------------------

Platelet aggregation was measured by light transmittance aggregometry. Citrate-anticoagulated whole blood was centrifuged at 800 rpm for 5 min to obtain platelet-rich plasma. Platelet-poor plasma was obtained from the remaining specimen by further centrifugation at 3000 rpm for 10 min. Platelet-rich plasma was adjusted to reach a platelet count of 250×10^9^/L. Platelet aggregability was assessed at 37°C with an AggRam aggregometer (Helena Laboratories, Beaumont, Texas, USA). Platelets were stimulated by 10 µmol/L ADP. Aggregation was expressed as the maximum per cent change in light transmittance from baseline, with platelet-poor plasma as a reference.

Standard coagulation tests {#s2e}
--------------------------

The activated partial thromboplastin time (APTT), prothrombin time (PT) and fibrinogen were analysed by the magnetic bead assay. Antithrombin III was analysed by the chromogenic substrate assay. The D-dimer content was measured by immunoturbidimetry using a device and reagents purchased from Stago (France).

Thromboelastography {#s2f}
-------------------

The coagulation status was assessed via TEG using citrated whole blood samples. For each TEG assay, citrated whole blood (1 mL) was pipetted into a phial containing 1% kaolin and inverted five times to ensure mixing of kaolin with the blood. Then, 340 µl of kaolin-activated citrated whole blood was transferred to a TEG cup to which 20 µl of 0.2 mol/L CaCl[@R2] had been preloaded for recalcification. The TEG analyser was stopped 40--60 min after reaching the maximum amplitude (MA) at 37°C. The parameters included (1) reaction time (R)---time from the start of the test to a TEG amplitude of 2 mm, reflecting the combined effect of the coagulation factors involved in the initiation of haemostasis; (2) K-time (K)---the period from the TEG amplitude of 2 mm to when the curve reached an amplitude of 20 mm, which measured the rate of clot formation (fibrin cross linking); (3) α-angle---the angle between the tangent line (drawn from the split point to the curve) and the horizontal base line, representing the acceleration of fibrin build-up and cross linking; and (4) MA---indicative of the strength of the clot that reflected the cross interaction between platelet functions and coagulation.

Thromboembolic events {#s2g}
---------------------

The incidence of thromboembolic events in patients with CKD and healthy controls was recorded during the 1 year of follow-up. Evidence suggests that patients with suspected thromboembolic events should be managed with a diagnostic strategy that includes clinical pretest probability in the form of prediction scores, D-dimer test and appropriate clinical imaging results.[@R10]

Statistical analysis {#s2h}
--------------------

Data analysis was performed using SPSS software, V.19.0. The results are expressed as the mean ± SD or the median (range) for continuous data and as a frequency or percentage for categorical data. We initially compared baseline characteristics among patients with CKD and healthy controls using analysis of variance, Kruskal-Wallis test or χ^2^ test as appropriate. A generalised linear model estimating procedure was used to obtain adjusted mean levels of procoagulant biomarkers within renal function categories. Using multivariable linear regression, we examined the association of eGFR with haemostatic biomarkers. eGFR and other baseline characteristics were the independent variables and the biomarkers were the dependent variables in these analyses. p Values less than 0.05 were considered statistically significant.

Results {#s3}
=======

Participants' characteristics {#s3a}
-----------------------------

Baseline characteristics of patients with CKD and healthy controls are shown in [table 1](#T1){ref-type="table"}. No significant differences were detected in age, gender ratio, BMI, white blood cell or cholesterol between patients with CKD and healthy controls. Subjects with CKD stage 5 (CKD 5) had higher MAP, triglyceride and UACR but lower haemoglobin and serum albumin levels than the healthy controls. Given the small number of subjects with concomitant CHD, diabetes mellitus and smoking in the CKD and healthy control groups, we combined patients with CKD stages 3--5 for comparison with the healthy controls. However, no significant differences were found between patients with CKD and healthy controls regarding CHD, diabetes mellitus or smoking ratio.

###### 

Characteristics of patients with CKD and healthy controls

  Variables                    Healthy control   CKD 3             CKD 4             CKD 5           p
  ---------------------------- ----------------- ----------------- ----------------- --------------- ---------
  No. of patients              20                32                38                25              
  Gender, M, n (%)             9 (47%)           22 (69%)          25 (66%)          13 (52%)        0.225
  Age (year)                   39.7±16.7         40.3±11.3         44.5±14.4         44.0±13.7       0.443
  BMI (kg/m^2^)                23.3±4.3          24.4±4.2          24.7±3.6          23.8±4.2        0.582
  MAP (mm Hg)                  89.5±9.3\*        95.0±9.4\*        97.5±8.5\*\*      103.8±17.2\*    \<0.001
  Haemoglobin (g/L)            136.3±17.4\*      131.2±20.2\*      118.9±18.1\*\*    98.5±14.2\*     \<0.001
  White blood cell (10^9^/L)   6.1±1.6           7.1±2.1           7.1±1.5           6.9±2.2         0.398
  Serum albumin (g/L)          43.2±2.9\*        41.1±3.4          40.7±3.4          39.1±3.6\*      0.004
  Serum creatinine (μmol/L)    69.4±13.5\*       155.5±31.5\*\*    265.7±63.4\*\*    542.1±237.1\*   \<0.001
  eGFR (ml/min/1.73 m^2^       101.4±21.9\*      48.9±13.9\*\*     24.7±6.3\*\*      10.9±4.1\*      \<0.001
  Cholesterol (mmol/L)         4.2±0.9           4.2±1.2           4.2±0.8           4.0±0.9         0.959
  Triglyceride (mmol/L)        1.2±0.6           1.9±0.9\*         2.3±1.1\*\*       1.7±0.8         0.003
  UACR (mg/g)                  7.3±2.7\*         201.9±142.7\*\*   313.8±139.5\*\*   472.2±224.1\*   \<0.001
  CHD, n (%)                   2 (10%)           1 (3%)            3 (8%)            1 (4%)          0.753
  Diabetes mellitus, n (%)     1 (5%)            2 (6%)            3 (8%)            3 (11%)         0.523
  Current smoking, n (%)       2 (10%)           7 (21%)           6 (15%)           1 (4%)          0.457

Data are expressed as mean±SD or median (IQR) as appropriate.

\*p\<0.05 versus CKD 5 group, \*\*p\<0.05 versus control group.

BMI, body mass index; CHD, coronary heart disease; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MAP, mean arterial pressure; UACR, urine albumin-to-creatinine ratio.

Procoagulant biomarkers according to CKD {#s3b}
----------------------------------------

[Table 2](#T2){ref-type="table"} shows the procoagulant biomarkers by CKD status. Levels of FVII, FVIII, vWF:Ag, vWF:RCo, fibrinogen and D-dimer were significantly higher in patients with CKD than the levels in the controls before and after adjustment for age, gender, history of diabetes, history of CHD, smoking status, MAP, BMI, haemoglobin, serum albumin, cholesterol, triglyceride and UACR (adjusted values shown in online [supplementary table 1](#SP2){ref-type="supplementary-material"}). The magnitude of elevation of the given parameters was proportional to severity of CKD. Prior to adjustment, platelet aggregability was significantly higher and protein C was lower in patients with CKD 5 than that in the controls; however, no significant differences were found after adjustment (p=0.736 and p=0.267, respectively). Irrespective of the adjustment, platelet count, FV, antithrombin III, APTT and PT showed no significant differences among patients with CKD 3--5 and the healthy controls.
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###### 

Procoagulant biomarkers by chronic kidney disease status.

  Variables            Healthy control   CKD 3             CKD 4          CKD 5          p         p^†^
  -------------------- ----------------- ----------------- -------------- -------------- --------- ---------
  Platelet (10^9^/L)   237.2±47.4        214.8±65.0        214.0±52.8     195.8±58.6     0.156     0.284
  ADP~LTA~ (%)&        64.6±4.8^♦^       67.3±8.6^♦^       70.1±8.6       74.7±8.2\*     0.041     0.738
  Factor V (%)         113.6±26.1        98.4±31.9         106.7±36.9     103.4±33.3     0.533     0.640
  Factor VII (%)       74.2±14.3^♦^      94.5±18.0\*^♦^    104.2±17.9\*   108.4±27.2\*   \<0.001   0.050
  Factor VIII (%)      86.5±22.3^♦^      115.3±25.1\*^♦^   130.5±27.6\*   139.9±33.0\*   \<0.001   \<0.001
  VWF:Ag (%)           103.1±42.4^♦^     124.7±51.4^♦^     158.9±49.9\*   181.8±45.6\*   \<0.001   0.011
  vWF:RCo (%)          99.8±29.9^♦^      115.5±43.2^♦^     150.2±45.1\*   168.2±41.5\*   \<0.001   0.004
  Fibrinogen (g/L)     3.0±0.8^♦^        3.1±0.7^♦^        3.8±0.8\*^♦^   4.5±1.1\*      \<0.001   0.006
  Protein C (%)        105.3±17.0^♦^     99.4±18.6^♦^      93.5±17.9      86.6±15.2\*    0.024     0.736
  Protein S (%)        76.8±23.2         88.2±24.6         94.5±20.7      99.5±25.5      0.076     0.584
  AT III (%)           99.5±9.3          103.8±12.2        103.8±11.7     103.1±11.8     0.658     0.189
  D-dimer (ng/ml)      257±116^♦^        425±277^♦^        505±320\*^♦^   842±496\*      \<0.001   0.039
  APTT (s)             39.0±4.5          37.7±3.2          37.5±3.7       39.0±4.2       0.286     0.187
  PT (s)               13.4±0.6          13.5±0.6          13.5±0.6       13.7±0.6       0.320     0.192

ADP~LTA~ (%): platelet aggregation records were available in 49 CKD cases (15 cases in CKD 3 stage; 21 cases in CKD 4 stage; 13 cases in CKD 5 stage) and 9 healthy controls.

\*p\<0.05 versus control group;♦p\<0.05 versus CKD 5 group.

†p Values for the adjusted model. Data are adjusted for age, sex, history of diabetes, history of coronary heart disease, smoking status, mean arterial pressure, body mass index, haemoglobin, serum albumin, cholesterol, triglyceride and urine albumin-to-creatinine ratio.

APTT, activated partial thromboplastin time; AT III, antithrombin III; CKD, chronic kidney disease; LTA, light transmittance aggregometry; PT, prothrombin time; vWF:Ag, von Willebrand factor antigen; vWF:RCo, vWF ristocetin cofactor activity. 

In order to make our research more accurate, we further excluded smokers as well as patients with diabetes mellitus and uncontrolled hypertension, and then compared the haemostatic profiles among these patients by CKD status. The results showed that the positive associations of renal insufficiency with these procoagulant biomarkers were similar in participants with or without the above-mentioned comorbidities (online [supplementary table 2](#SP2){ref-type="supplementary-material"}).

Thromboelastography {#s3c}
-------------------

[Figure 2](#F2){ref-type="fig"} compares the TEG parameters between patients with CKD and the healthy controls. The results showed that the R time and K time in the unadjusted cohort were hypercoagulable in patients with CKD 4 and 5 compared with patients with CKD 3 and the healthy controls (p\<0.05). The MA values in the CKD 5 group were significantly higher than the values in the control group (63.3±9.3 mm vs 57.9±5.7 mm, p=0.046). However, after adjustment for relevant factors, no significant differences were found in the R, K, MA and α-angle values between patients with CKD and the healthy controls.

![TEG parameters in healthy controls and patients with CKD. (**A**) R value. (**B**) K value. (**C**) MA value. (**D**) α-angle value. ^\#^p Values for the adjusted model. Data are adjusted for age, sex, history of diabetes, history of CHD, smoking status, MAP, BMI, haemoglobin, serum albumin, cholesterol, triglyceride and UACR. \*p\<0.05 versus control group for unadjusted values; ^◆^p\<0.05 versus CKD 5 group for unadjusted values. BMI, body mass index; CHD, coronary heart disease; CKD, chronic kidney disease; MA, maximum amplitude; MAP, mean arterial pressure; TEG, thromboelastography; UACR, urinary albumin to creatinine ratio.](bmjopen-2016-014294f02){#F2}

Associations between renal function and haemostatic biomarkers {#s3d}
--------------------------------------------------------------

As shown in [figure 3](#F3){ref-type="fig"}, vWF:Ag, vWF:RCo and FVIII were inversely correlated with eGFR (r=−0.359, p=0.001; r=−0.391, p\<0.001; r=−0.327, p=0.001). Besides, we also used multivariable linear regression to analyse the associations between eGFR and haemostatic biomarkers. Adjustment for age, sex, history of diabetes, history of CHD, smoking status, MAP, BMI, haemoglobin, serum albumin, eGFR, cholesterol, triglyceride, and UACR, higher vWF:Ag, vWF:RCo and FVIII were significantly associated with a decreased eGFR (regression coefficients: −0.92 (−1.33, --0.40); −0.82 (−1.19, −0.45); and −0.50 (−0.69, --0.31), respectively).

![Correlation of vWF:Ag, vWF:RCo and FVIII levels with eGFR. (**A**) Correlation of vWF:Ag with eGFR. (**B**) Correlation of vWF:RCo with eGFR. (**C**) Correlation of FVIII with eGFR. Regression lines: (**A**) vWF:Ag=186.3−1.12×eGFR. (**B**) vWF:RCo=174.2−1.05×eGFR. (**C**) FVIII=143.2−0.52×eGFR. eGFR, estimated glomerular filtration rate; FVIII, factor VIII; vWF:Ag, von Willebrand factor antigen; vWF:RCo, vWF ristocetin cofactor activity.](bmjopen-2016-014294f03){#F3}

Thromboembolic events {#s3e}
---------------------

One cardiovascular event (acute myocardial syndrome) occurred in patients with CKD 5 stage, whereas no thromboembolic event occurred in the CKD 3 and 4 and control groups during the 1 year of follow-up.

Discussion {#s4}
==========

We evaluated the coagulation profiles in patients with CKD who were not receiving dialysis using multiple laboratory methods, including the vascular endothelium, coagulation factor, anticoagulation system, conventional blood test, standard coagulation tests and TEG.

vWF, which is a large molecular weight glycoprotein synthesised and secreted by endothelial cells and megakaryocytes, exerts a procoagulant effect through platelet adhesion and aggregation and FVIII stabilisation.[@R11] The increased vWF is a sign of endothelial injury and a risk for thromboembolic events.[@R12] Fibrinogen, FVII and FVIII are important coagulation factors in the coagulation pathway, whereas D-dimer reflects the activation of the coagulation system and the formation of blood clots in the body. Fibrinogen, FVII, FVIII and D-dimer have also been shown to be associated with an increased prevalence of thromboembolic events.[@R14]

In our study, we observed elevated D-dimer, fibrinogen, FVII, and especially FVIII and vWF levels in patients with CKD. And the coagulation was increased with the aggravation of renal injury. Patients with CKD often present higher levels of traditional risk factors for thromboembolic events, such as hypertension, diabetes, obesity and dyslipidaemia[@R18]; these factors also affect the coagulation system. In our attempt to explain haemostatic alterations in CKD, we adjusted for the above influencing factors. The results showed that procoagulant factors were still significantly elevated in patients with CKD, indicating that kidney dysfunction affected the activation of coagulation function in addition to traditional risk factors.

Possible mechanisms to explain the association of lower eGFR and higher levels of haemostatic factors are as follows. (1) With CKD progression, renal impairment is aggravated and a large number of renal units are damaged, resulting in the loss of normal excretory function and a reduction in the removal of procoagulant substances. A few studies found that the metabolism and elimination of fibrinogen and D-dimer were decreased in CKD and ESRD.[@R19] (2) The increase in the FVII level may be due to vascular endothelial damage in patients with CKD, resulting in tissue factor expression.[@R22] (3) Moreover, extensive research has found that vWF, fibrinogen and FVIII are associated with the inflammatory response.[@R23] Patients with CKD are commonly associated with changes in the levels of various inflammatory cytokines.[@R24] Proinflammatory substances can activate procoagulant factors and result in elevated levels of particular haemostatic factors.

TEG displays blood clot formation dynamics from initial thrombin generation to fibrinolysis.[@R25] In the current study, we also performed TEG for dynamic observation of the entire coagulation process in patients with CKD. Prior to adjustment for confounding factors, the TEG data suggested that all aspects of coagulation were increased in patients with CKD, including initial fibrin formation, fibrin--platelet interactions and qualitative platelet functions. However, after adjustment for relevant influencing factors, we found no significant differences in the TEG parameters (R, K, MA and α-angle) between patients with CKD and the healthy controls, which is in contrast to previous TEG studies in haemodialysis patients with ESRD.[@R26] Haemodialysis patients are influenced by haemodynamic factors and coagulant use and thus present more complicated changes in coagulation functions, which are different from those in non-dialysis patients with CKD.[@R5] Thus, whether TEG can be used to effectively evaluate the integrated coagulation function in non-dialysis patients with CKD requires further validation.

In this study, the cardiovascular event occurred in one patient with CKD 5 stage during the 1 year of follow-up. This clinical outcome may not be consistent with previous  Heart Outcomes and Prevention Evaluation (HOPE) study which includes 980 subjects and shows 22.2% cumulative incidence of cardiovascular events.[@R28] However, it should be noted that patients in HOPE study are older (at least 55 years of age) and have higher cardiovascular risk compared with our participants. Besides, the follow-up time (3.5--5.5 years) is much longer than that of our current study. The small sample size and short-term follow-up in our study might underestimate the risk of thromboembolic events and make it difficult to link the observations with clinical outcomes. Further longer-term study with large samples is still required to more precisely determine the relationship between the elevation of procoagulant factors and clinical outcomes.

The present study has certain limitations. One limitation of this study is the limited number of individuals in the different patient groups and the short term of follow-up. We could not fully evaluate the thromboembolic events. Thus, it limited the applicability of the conclusion of this study. Second, the CKD groups were heterogeneous with a number of factors and complications interfering with the delicate system of haemostasis, even though we had adjusted the related factors and also assessed the haemostatic profiles in small number of participants without the comorbidities.

Conclusions {#s5}
===========

In conclusion, patients with CKD are characterised by endothelial dysfunction and increased coagulation, especially FVIII activity. The abnormal haemostatic profiles may contribute to the elevated risk of thrombotic events and further longer-term study with large samples is still required to more precisely determine the relationship between the elevation of procoagulant factors and clinical outcomes. TEG detected no changes in the coagulation function among patients with CKD. Whether TEG can effectively evaluate the integrated coagulation function in patients with CKD needs to be verified using larger samples. Future studies are required to target the role of coagulation management for patients with CKD to reduce comorbidities.
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